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acp-2022-82: A new assessment of global and regional budgets, fluxes and lifetimes of 

atmospheric reactive N and S gases and aerosols 

Ge et al.  

 

Response to Reviewer #1 5 

 

We thank the reviewer for their time spent reading our manuscript. Below we include all the reviewer 

comments and provide in blue text our point-by-point responses. All line numbers mentioned in our 

responses refer to the clean revised manuscript (not the track-changed version). 

 10 

General comments: 

 

This paper presents detailed analysis of nitrogen and sulfur fluxes using a global model run from 2015. 

The results give an updated picture of chemical processing and interregional transport and deposition 

of these key pollutants, and important recommendations for effective mitigation efforts aimed to 15 

improve air quality. The manuscript is well-written and organized, and I recommend publication 

following minor revisions discussed below. 

 

Response: We thank the reviewer for their support of our work and for their recommendation of 

publication after attention to some minor revisions. 20 

 

Specific comments: 

 

Specific comments 1. Please include some discussion of model performance and uncertainty.  

 25 

Response: As the reviewer mentions, detailed discussions about the model performance for simulating 

concentrations and wet deposition of Nr and Sr species are presented in Ge et al. (2021), which we cited 

in our paper. For our revised paper we have now added the following summary of findings from Ge et 

al. (2021) in a new Sect. 2.3 ‘Model performance’ (lines 144-173). 

 30 

“Ge et al. (2021) provide a comprehensive evaluation of surface concentrations and wet deposition of 

Nr and Sr species from this model configuration against global measurements from 10 monitoring 

networks. Comparisons of 2010 and 2015 surface concentrations between model and measurement 

demonstrate that the model captures well the overall spatial and seasonal variations of the major 

inorganic pollutants NH3, NO2, SO2, HNO3, NH4
+, NO3

-, SO4
2-, and their wet deposition in East Asia, 35 

Southeast Asia, Europe, and North America. Correlation coefficients between modelled and measured 

annual mean concentrations of all species are >0.78 except for HNO3 and SO2, and are 0.78 and 0.63 
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for annual wet deposition of reduced N and oxidised N, respectively. Given the intrinsic scale mismatch 

between a local site measurement and a global-scale chemistry model grid, these comparisons are good, 

and are comparable with model evaluation statistics determined for models of similar resolution 40 

(Hauglustaine et al., 2014; Bellouin et al., 2011; Pringle et al., 2010; Xu and Penner, 2012).  

 

Both model and measurement have uncertainty that constrains the extent to which statistical analyses 

between modelled and measured data can be utilized to assess a model's performance. Model 

uncertainty may come from uncertainty in emission, meteorology inputs, and computing processors, 45 

and from parameterisations of chemical/physical processes, while measurement uncertainty comes from 

sampling and analytical procedures. Emission inventory compilation is partially based on reported 

measurement data and partially on expert estimation, which complicates assigning uncertainties to both 

emission magnitudes and their spatiotemporal profiles. It is therefore not possible to quantify the 

contribution of emissions uncertainty to model uncertainty, but it will surely vary regionally and for 50 

different species. We have shown in Ge et al. (2021) that modelled concentrations of secondary 

pollutants are less sensitive to the choice of emission inventory than for primary pollutants since the 

former are influenced by multiple emissions and the timescales for their formation act to smooth out 

the differentials in primary emissions. On the other hand, if it is variation in measurement accuracy that 

contributes to regional variation in model-measurement agreement, then confidence in model output is 55 

maintained. Ge et al. (2021) showed better evaluation statistics with measurements in Southeast Asia, 

Europe, and North America than in East Asia, which suggests shortcomings in regional measurements 

and/or emissions in the latter network rather than substantial systematic issues with model 

parameterisations of chemical/physical processes. Ge et al. (2021) also evaluated model response to 

changes between 2010 and 2015 ECLIPSEE emissions and showed that modelled concentration changes 60 

of primary and secondary pollutants and of deposition of reduced N, oxidised N, and oxidised S, were 

consistent with the trends in the corresponding measurements, given realistic uncertainties in emissions 

and measurements and of meteorological influences between the two years.  

 

Nevertheless, considering the fundamental uncertainties in emission, model and measurements, all 65 

numbers reported in this work should be considered as having underlying uncertainty, albeit that the 

latest available emission inventory and model versions were used to minimize as far as possible 

uncertainties from the first two of these. 

 

Specific comments 2. How would the results of the measurement evaluation in the preceding model 70 

evaluation paper (Ge et al., 2021, https://doi.org/10.5194/gmd-14-7021-2021) impact the main 

conclusions in this one? For example, HNO3 concentrations were generally biased low compared to 

measurements. If this is due to its chemical production being too slow in the model, the resulting 
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deposition estimates would also be biased low; but if the concentration bias is due to deposition being 

too fast, the resulting deposition may be biased high. 75 

 

A fundamental difference between model and measurement must first be acknowledged. Even if both 

model and measurements were perfect representations, there still would not be complete agreement 

because a measurement is for a single point in space at a specific height above the ground, whose 

concentration may well not reflect the average concentration within our global model simulation surface 80 

layer grid of a volume of 1° × 1° × 50 m (around 500 km3). The existence of bias between model and 

measurement is therefore inevitable, but since the magnitude of this source of bias is not known, it 

hinders determination and quantification of biases intrinsic to the model itself. In addition, model-

measurement bias may also arise because of issues with the measurement value as well or in instead of 

issues intrinsic to the model. HNO3 is harder to measure as accurately as some other species. As the 85 

reviewer notes, the HNO3 concentrations were biased low in the model, but for the reasons described 

above it is not readily possible to diagnose the exact source of the bias: the reviewer’s two model process 

suggestions are possible, but so are issues with measurement (e.g., intercomparison campaigns using 

different experimental methods for measuring gaseous HNO3 have found relatively poor agreement 

between different techniques (Hanke et al., 2003)) and with measurement-model spatial mismatch. If 90 

there is an issue within the model, then the largest impact of model underestimation may be on the 

calculation of global HNO3 lifetime. A slower production pathway results in a longer lifetime. In 

contrast, a faster removal pathway results in a shorter lifetime. To acknowledge the reviewer’s 

comment, we have added the following text (lines 691-695) in our revised paper:  

 95 

“The model evaluation presented in Ge et al. (2021) shows that the model-measurement bias varies 

from one pollutant to another. For instance, the model underestimates annual global HNO3 surface 

concentration measurement by 34%, but overestimates NO2 by 23%. Although it is difficult to diagnose 

the extent to which bias is contributed by bias intrinsic to the model, including in emissions input to the 

model, or to bias in measurements, or to measurement-model spatial representation mismatch, it is 100 

important to acknowledge that all numbers reported in this work may be biased somewhat low or high.” 

 

Specific comments 3. Additionally, were there regions where the model performed better/worse than 

others, and by extension where you have more/less confidence in the regional budgets presented here?  

 105 

Again the answer is not straightforward. The quality of model-measurement comparison is determined 

not only by the ‘internal’ quality of the model but also by factors ‘external’ to the model such as the 

quality of relevant spatiotemporal emissions and the quality of the measurement. When a global model 

shows poorer agreement with measurement in some regions than others then it suggests that the issue 

is more associated with discrepancies between different measurement networks and emissions reported 110 
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by different regions/countries than with the model. Insight into levels of regional confidence is also 

limited by the generally limited spatial coverage of a measurement network, even where there is such a 

network, and the lack of any extended measurements in many parts of the world. From a statistical point 

of view, a small number of localised disagreements between model and measurement may not be 

representative enough to draw a conclusion. It therefore does not follow that we have different 115 

confidence in our model output in different regions purely based on differences in model comparisons 

with surface measurements. Having said that, however, as we write in our new Section 2.3 on model 

performance uncertainty in emissions inventories is likely greater in some regions than others. 

Therefore, in addition to our text on regional differences within our new Section 2.3 we have now added 

the following text (lines 696-704) to the end of our Results and Discussion section: 120 

 

“The intention here is to provide a new overview of how Nr and Sr budgets vary among different world 

regions and among different chemical species. Since Ge et al. (2021) show that the EMEP model is 

capable of capturing the overall spatial variation of surface concentrations for major Nr and Sr pollutants 

and their wet deposition, and since our results are comparable with similar global modelling studies, 125 

we have confidence that we characterise the major regional differences in budgets. However, we also 

acknowledge that there are varying uncertainties in different regions, as revealed by our model 

evaluation study (Ge et al., 2021). We therefore have greater confidence in regional budgets in North 

America, Europe, and Southeast Asia than other world regions. But whether different regional 

uncertainties derive from the emissions, model processes, measurements, or a combination of these 130 

aspects, is impossible to resolve only from a modelling study. Further evaluation studies of emissions 

and measurements are required to gain more insight.” 

 

Specific comments 4. Finally, while dry deposition was not evaluated against measurements (given the 

dearth of those), some caveats about the variability of dry deposition estimates would be appropriate. 135 

 

As response to this comment we have added the following caveat (lines 327-329) to our revised paper: 

 

“Additionally, it must be stressed that the lack of dry deposition comparison between model and 

measurement, due to the lack of measurement data, means that the numbers reported for modelled dry 140 

deposition in this section should be regarded as more uncertain.” 

 

L422-425: A 40% decrease in only 5 years seems unrealistic. Are the emission inventories comparable? 

 

Response: The total S deposition (84 TgS yr-1) estimated by Tan et al. (2018) is a multi-model mean of 145 

11 global models using the HTAP global emission inventory for 2010, while our model simulation uses 

the ECLIPSE emission inventory for 2015. Additionally, different choices of natural emissions of S 
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(e.g., oceanic DMS, volcano emissions) are likely to influence the modelled total S deposition as well. 

In our previous model experiments we used both HTAP (2010) and ECLIPSE (2010 and 2015) emission 

inventories. Our modelled global OXS deposition based on different emission inventories is listed in 150 

Responses Table R1. First, our modelled total OXS deposition using HTAP 2010 emission inventory 

is 69.1 TgS yr-1, which is still 18% smaller than the 84 TgS yr-1 reported by Tan et al. (2018) despite 

using the same inventory and the same meteorology year. This likely reflects differences in the natural 

emissions of S between Tan et al. (2018) and our study. Secondly, in our study, under the same model 

configuration, natural emission input, and meteorology input, the difference of OXS deposition between 155 

HTAP 2010 and ECLIPSE 2010 is 9.3 TgS (13% and 15% with respect to HTAP and ECLIPSE 

respectively). This reflects the difference between the two emission inventories. Thirdly, in our study, 

using ECLIPSE 2010 and 2015 inventories, the total OXS deposition in 2015 is 16% (9.3 TgS) smaller 

than that in 2010, which likely reflects the reduction in global S emission from 2010 to 2015. 

Considering all these observations, the deposition difference between our work and Tan et al. (2018) is 160 

a combination of differences in inventory compilations, natural emission input, and actual S emission 

reductions from 2010 to 2015. We therefore concur with the reviewer that our original statement that 

differences were due to emissions reductions was too strong. To reflect this, we have rephrased our 

previous statement (lines 455-458) to the following text in our revised paper:  

 165 

“The lower OXS deposition value presented here is assumed in part to be due to the considerable 

reduction in global sulfur emission from 2000 to 2015 (Fowler et al., 2020; Aas et al., 2019). A direct 

comparison of modelled S deposition between our work and other studies is confounded by use of 

different inventories for both anthropogenic and natural emissions.” 

 170 

Table R1. Global OXS emissions and deposition from our model simulations using HTAP emission 

inventory in 2010, and ECLIPSE emission inventories in 2010 and 2015. 

Unit: TgS HTAP 2010 ECLIPSE 2010 ECLIPSE 2015 

Total emission 65.6 56.6 48.5 

Total deposition 69.1 59.8 50.5 

 

 

L486-511: Given that the aerosol scheme includes equilibrium of ammonium nitrate (R4 in section S1), 175 

how do you handle that reaction in the lifetime calculations for HNO3, NH3, NH4
+ and NO3

-_f? 

 

Response: Although the formation of ammonium nitrate is a reversible reaction, the annual production 

of NH4NO3 is larger than its decomposition, otherwise fine nitrate NO3
-_f would not deposit. In other 

words, the annual net direction of this equilibrium is from HNO3 and NH3 to NH4NO3. As shown in 180 

Responses Fig. R1, for a global domain chemical production is the only source of HNO3, and its sinks 
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include wet and dry deposition, chemical conversion to NO3
-_f and NO3

-_c, and the flux loss from the 

model domain to the upper atmosphere (details in next paragraph). The wet and dry deposition is then 

the only removal pathway for NO3
-_f and NO3

-_c apart from their own flux losses to the upper 

atmosphere (i.e., outside the model domain). If the chemical production rate of HNO3 is larger than its 185 

total removal rate, the mass of HNO3 will accumulate in the atmosphere, whereas if its removal rate is 

larger than the production rate, the mass of HNO3 will decrease after a one-year simulation.  

 

For each species in the model, there are outputs of initial mass (𝑀!"!#!$% , at the beginning of the 

simulation), final mass (𝑀&!"$%, at the end of simulation), Flux out (𝐹𝑙𝑢𝑥'(#, from the top of the model 190 

domain), and Flux in (𝐹𝑙𝑢𝑥!", from the top of the model domain; usually negligible). The rate of mass 

change (𝑀&!"$% −𝑀!"!#!$%) for HNO3 thus represents the difference between sources and sinks of HNO3, 

which can then be used to calculate the production rate of HNO3. The flux losses and rate of mass 

change are generally one or two orders of magnitude smaller than the deposition and chemical 

production quantities. We use equations Eq1-Eq8 to estimate the production and removal rates (TgN 195 

yr-1) of HNO3, NO3
-_f and NO3

-_c. Assuming steady-state condition:  

𝐹'(#)!"(𝑠𝑝𝑒𝑐𝑖𝑒𝑠) = 𝐹𝑙𝑢𝑥'(#(𝑠𝑝𝑒𝑐𝑖𝑒𝑠) − 𝐹𝑙𝑢𝑥!"(𝑠𝑝𝑒𝑐𝑖𝑒𝑠)																													(𝐸𝑞1) 

∆𝑀(𝑠𝑝𝑒𝑐𝑖𝑒𝑠) = 𝑀&!"$%(𝑠𝑝𝑒𝑐𝑖𝑒𝑠) − 𝑀!"!#!$%(𝑠𝑝𝑒𝑐𝑖𝑒𝑠)																																						(𝐸𝑞2) 

𝑅 8𝑁𝑂*)&; = 	𝐷𝐸𝑃 8𝑁𝑂*)&; + 𝐹'(#)!" 8𝑁𝑂*
)
&;																																																	(𝐸𝑞3) 

𝑅@𝑁𝑂*)+A = 	𝐷𝐸𝑃@𝑁𝑂*)+A + 𝐹'(#)!"@𝑁𝑂*
)
+A																																																							(𝐸𝑞4) 200 

𝑃 8𝑁𝑂*)&; = 	∆𝑀 8𝑁𝑂*)&; + 𝑅 8𝑁𝑂*
)
&;																																																																(𝐸𝑞5) 

𝑃@𝑁𝑂*)+A = 	∆𝑀@𝑁𝑂*
)
+A + 𝑅@𝑁𝑂*

)
+A																																																																					(𝐸𝑞6) 

𝑅(𝐻𝑁𝑂*) = 	𝐷𝐸𝑃(𝐻𝑁𝑂*) + 𝑃 8𝑁𝑂*)&; + 	𝑃@𝑁𝑂*
)
+A + 𝐹'(#)!"(𝐻𝑁𝑂*)						(𝐸𝑞7) 

𝑃(𝐻𝑁𝑂*) = 	∆𝑀(𝐻𝑁𝑂*) + 𝑅(𝐻𝑁𝑂*)																																																																					(𝐸𝑞8) 

where 𝐹'(#)!"  (𝑠𝑝𝑒𝑐𝑖𝑒𝑠), ∆𝑀(𝑠𝑝𝑒𝑐𝑖𝑒𝑠), 𝑅(𝑠𝑝𝑒𝑐𝑖𝑒𝑠), 𝐷𝐸𝑃(𝑠𝑝𝑒𝑐𝑖𝑒𝑠), and 𝑃(𝑠𝑝𝑒𝑐𝑖𝑒𝑠) represent the 205 

flux loss, mass change, removal rate, total deposition, and production rate for each species respectively. 
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Figure R1. Basic chemical and physical behaviour of HNO3 in the atmosphere. CHEM1 and CHEM2 

represent chemical production of coarse and fine nitrate respectively. DEP represents total deposition for 

the indicated species. 210 

 

For NH3 and NH4
+, the calculation principle is the same. The removal of NH3 consists of its own 

deposition (𝐷𝐸𝑃(𝑁𝐻*)), 𝐹𝑙𝑢𝑥'(#)!" , and chemical loss to NH4
+ (Fig. R2). Therefore, the NH4

+ 

production rate equals NH3 chemical loss rate, while the removal pathway of NH4
+ includes its own 

deposition and flux loss. The calculations of sources and sinks for NH3 and NH4
+ are listed in equations 215 

Eq9-Eq11. Assuming steady-state condition:  

𝑅(𝑁𝐻,-) = 	𝐷𝐸𝑃(𝑁𝐻,-) + 𝐹'(#)!"(𝑁𝐻,-)																																																												(𝐸𝑞9) 

𝑃(𝑁𝐻,-) = 	∆𝑀(𝑁𝐻,-) + 𝑅(𝑁𝐻,-)																																																																							(𝐸𝑞10) 

𝑅(𝑁𝐻*) = 	𝐷𝐸𝑃(𝑁𝐻*) + 𝑃(𝑁𝐻,-) + 𝐹'(#)!"(𝑁𝐻*)																																								(𝐸𝑞11) 

Once the production and removal rates are obtained, the lifetime calculations for HNO3, NH3, NH4
+, 220 

NO3
-_f and NO3

-_c, utilizing their respective global burden data, follow the equations in Table 2 in the 

main paper.  

 

 
Figure R2. Basic chemical and physical behaviour of NH3 in the atmosphere. DEP represents total 225 
deposition. CHEM1 and CHEM2 represent chemical production of ammonium sulfate and ammonium 

nitrate respectively.  

 

For this revised paper, we have now added a new section in the Supplementary Information (Sect. S1.2, 

lines 100-145) that comprises the above detailed description of how we calculate the atmospheric 230 

burdens and lifetimes that we present in the main paper. 

 

 

L500: It’s surprising that coarse nitrate would have a longer lifetime than fine, given their relative wet 

scavenging efficiencies. Could you explain? Is it due to the regional differences in where NO3
-_f and 235 

NO3
-_c are dominant? 
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Response: The longer global mean lifetime of coarse nitrate (7.0 days) than of fine nitrate (4.8 days) is 

consistent with a larger NO3
-_c burden (0.52 TgN) compared to NO3

-_f (0.06 TgN) in 2015. The 

dominance of coarse nitrate in global total nitrate burden is also observed in other global modelling 240 

studies. Hauglustaine et al. (2014), Xu and Penner (2012), and Bauer et al. (2007) reported a relative 

contribution of coarse-mode nitrate of 72%, 77%, and 79% to total nitrate burden in their respective 

models for 2000. Additionally, the lifetime of fine nitrate calculated in our work is comparable with 

other literature values. Park et al. (2004) reported a global fine nitrate lifetime against deposition of 3.2 

days for 2001, Feng et al. (2007) reported a global lifetime of total nitrate (fine + coarse) of 5.0 days 245 

for 1997, and Alexander et al. (2020) reported a global lifetime of inorganic nitrate (HNO3 + total NO3
-

) for the period 2000-2015 on the order of 3–4 days. Unfortunately, none of these literatures reported 

lifetime of coarse nitrate specifically. 

 

The difference in lifetimes of fine and coarse nitrates may be explained by their different formation 250 

pathways. Fine nitrate is only formed when there is free NH3 available, and its distribution is 

concentrated on densely-populated areas (e.g., East Asia, Europe, and eastern America) due to the short 

lifetime of NH3. The localized production, unstable chemical nature, and efficient deposition of fine 

nitrate mean that it accumulates only over a relatively short period and on a small spatial scale. In 

contrast, the formation of coarse nitrate requires availability of HNO3 and coarse particles. The former 255 

can be produced from urban emissions of NOx, longer-lived reservoir species of OXN, lightning, and 

shipping emissions of NOx. The latter is available over both oceans (e.g., sea-salt particles) and 

continents (e.g., dust particles). As a result, coarse nitrate formation is not limited to a small area but is 

formed in most areas globally. The chemical stability of coarse nitrate also contributes to its 

accumulation in the atmosphere, despite its deposition. Existing Figure S1 in the Supplementary also 260 

demonstrates a larger abundance of coarse nitrate globally except for a few urban regions, which is 

again consistent with the longer transport distance (because of longer lifetime) of coarse nitrate 

compared with fine nitrate.  

 

To provide readers with more information on this topic, we have added the following text and 265 

corresponding references in our revised paper (lines 541-547): 

 

“The dominance of coarse nitrate in global total nitrate burden is also observed in other global modelling 

studies. Hauglustaine et al. (2014), Xu and Penner (2012), and Bauer et al. (2007) reported a relative 

contribution of coarse-mode nitrate of 72%, 77%, and 79% to total nitrate burden in their respective 270 

models for 2000. Additionally, the lifetime of fine nitrate calculated in our work is comparable with 

other literature values. Park et al. (2004) reported a global fine nitrate lifetime against deposition of 3.2 

days for 2001, Feng et al. (2007) reported a global lifetime of total nitrate (fine + coarse) of 5.0 days 
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for 1997, and Alexander et al. (2020) reported a global lifetime of inorganic nitrate (HNO3 + total NO3
-

) for the period 2000-2015 on the order of 3–4 days.” 275 

 

L563-566: Since Ge et al. (2021) showed that the ECLIPSE 2010 NH3 emissions in east Asia were 

significantly higher than the HTAP 2010 emissions, some of the RDN flux difference compared to Tan 

et al. (2018) is due to inconsistent emission budgets rather than an actual increase in emissions. 

 280 

Response: We thank the reviewer for making this useful suggestion, with which we agree. We have 

double-checked our model results using both HTAP and ECLIPSE emission inventories. The regional 

budgets of RDN and OXN in East Asia are listed in Table R2. Our RDN and OXN fluxes from HTAP 

are in similar ranges to values reported by Tan et al. (2018) (RDN: 7.7-8.5 TgN yr-1; OXN: 10.5-11.4 

TgN yr-1) considering that the definitions of East Asia in the two studies do not exactly correspond. In 285 

our model experiments, results using ECLIPSE 2010 show higher emissions and deposition for RDN 

compared to using HTAP 2010 in East Asia, whilst for OXN the differences are only small. The 

comparison when using the ECLIPSE inventories for 2010 and 2015 shows an increasing trend for 

RDN fluxes and a decreasing trend for OXN fluxes from 2010 to 2015, albeit the difference between 

the two ECLIPSE inventories is not as large as that between Tan et al. (2018) and our work.  290 

 

We have added the following statement to our revised manuscript (lines 605-608): 

  

“Such difference in RDN and OXN fluxes is partially attributed to differences in emission inventories, 

model structures, meteorology input, and region definition between the two studies. It may also reflect 295 

an increase in NH3 emissions and a reduction in NOx emissions in this region between 2015 and 2010.” 

 
Table R2. RDN and OXN emissions and deposition fluxes in East Asia from our model simulations using 

HTAP emission inventory in 2010, and ECLIPSE emission inventories in 2010 and 2015. 

Unit: TgN HTAP 2010 ECLIPSE 2010 ECLIPSE 2015 

RDN emission 7.50 12.0 12.5 

RDN deposition 7.32 11.4 12.0 

OXN emission 10.3 10.5 9.59 

OXN deposition 8.94 9.02 8.33 

 300 

 

Table S5: (1) Given the detailed discussion of this table in the main text, consider moving the table to 

the main paper as well.  

 

Response: Requested change made. 305 
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Table S5: (2) The lifetimes of RDN and OXN in Rest of World as calculated from sources are highly 

skewed by inputs from other regions. I would suggest removing these numbers and making a note to 

that effect.   

 310 

Response: We have copied Table S5 to the main paper as a new Table 3. The source-derived lifetimes 

for Rest of World are removed from Table 3 and a note is added to the caption explaining the reason 

for that. Table S5 is retained in the Supplement as a record of full data. 

 

L656: I suggest adding “and deposition” after “RDN concentrations” given the impact of excess N is a 315 

driver for this reduction. 

 

Response: Requested change made. 

 

L714-715: While models do have these advantages, it’s also important to note their limitations and 320 

uncertainties. 

 

Response: We thank the reviewer for making this useful suggestion. In response, we have added the 

following sentence to the end of the Conclusions of our revised manuscript (lines 778-780):  

 325 

“The chemical and meteorological linkages between emissions and Nr and Sr species concentrations are 

complex, and the detail can only be revealed by process-based atmospheric modelling as illustrated 

here, despite the uncertainties in emissions and model parameterisations.” 

 

Technical corrections: 330 

 

L578: Typo in “deposition”. 

Response: Requested change made. 

 

L650: Remove “The”. 335 

Response: Requested change made. 

 

 

 

 340 
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Response to Reviewer #2 390 

 

We thank the reviewer for their time spent reading our manuscript. Below we include all the reviewer 

comments and provide in blue text our point-by-point responses. All line numbers mentioned in our 

responses refer to the clean revised manuscript (not the track-changed version). 

 395 

General comments: 

 

The manuscript provides a comprehensive analysis of the concentrations, wet and dry deposition, 

fluxes, and lifetimes of reactive N and S gases and aerosols globally, and for 10 world regions. The 

goal of the manuscript is to conduct a more up-to-date examination of atmospheric processes affecting 400 

the fate of reactive N and S, particularly of the reduced N species NH3 and NH4
+, for developing 

mitigation strategies according to different regional conditions. Overall, this study is an important 

contribution to the field as it highlights the substantial regional variation in Nr and Sr budgets and the 

need for modelling to simulate the chemical and meteorological linkages underpinning atmospheric 

responses to precursor emissions. The manuscript is well written and structured clearly and fits well the 405 

scope of this journal. I recommend that this study can be accepted for publication after the specific 

comments below are addressed. 

 

Response: We thank the reviewer for their supportive comments for our work and for their 

recommendation of publication after attention to some minor revisions. 410 

 

Major comments: 

  

1. Section 3.1.2, lines 225-228: What was the rationale for choosing the fine SIA concentration of 

0.5 μg m-3 as the threshold?  415 

 

Response: The intention of applying such a threshold is to help readers concentrate on regions with 

relatively larger values of fine SIA concentration where the knowledge of chemical domain is important 

for formulating anthropogenic emission reduction policies to mitigate the concentrations of NH4
+, SO4

2- 

and fine NO3
-. As no such threshold value is reported in other studies, we have made our own arbitrary 420 

choice based on visualisation of the global SIA distribution. We also trialled other threshold values 
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(e.g., 0.1 μg m-3, 0.7 μg m-3, 1.0 μg m-3, etc.) and chose 0.5 μg m-3 as an appropriate option to present 

Fig. 3. Perhaps our choice can serve as a reference for future studies. 

 

2. Section 3.3.1, lines 460-464: To increase study reproducibility and transparency, the authors may 425 

want to consider providing detailed calculation equations of atmospheric burdens and lifetimes (perhaps 

adding a section in the supplementary). 

 

Response: We thank the reviewer for making this useful suggestion. We have added a new section in 

the Supplement (Sect. S1.2) that describes the detail of the calculation procedures for atmospheric 430 

burdens and lifetimes used in this manuscript. Reviewer #1 also requested more information on this 

point so see also our responses to this reviewer for more information.  

 

3. Section 3.3.1, lines 517-520: In general, gaseous NH3 deposits quicker than aerosol-phase NH4
+. 

Could you provide more information on the difference between NH3 deposition and NH4
+ deposition in 435 

the model as deposition is crucial for lifetime calculations?  

 

Response: Both NH3 and NH4
+ have dry and wet deposition. The dry deposition of gaseous NH3 to the 

surface is modelled using the dry deposition velocity parameter. In the model, the deposition velocity 

is calculated at the centre of the lowest grid (~25 m). Different landcover types (e.g., crops, forests, 440 

grassland, seminatural, etc.) have different deposition velocities. For grids containing multiple 

landcover types, the grid-average deposition rate is calculated based on fractional coverage of different 

land-cover types within each surface grid. 

 

The NH4
+ dry deposition follows the basic formulation for fine-mode aerosol components in EMEP 445 

model. Its deposition velocity is dependent on landcover categories and the atmosphere stability 

(Obukhov length) of turbulent flows in the lower boundary layer. For example, NH4
+ in forests with 

different Leaf Area Index has different deposition velocity. For stable and unstable stratification 

conditions, its surface deposition velocity is also different. Detailed formulation is described in Simpson 

et al. (2012) as cited in the main paper. 450 

 

Parameterisation of the wet deposition processes in the EMEP model includes both in-cloud and sub-

cloud scavenging of gases and particles. As both NH3 and NH4
+ are soluble species, their in-cloud 

scavenging, following the same equation, is correlated with their own atmospheric mixing ratio and in-

cloud scavenging ratio. The parameters of precipitation rate, characteristic scavenging depth, and water 455 

density are the same for the two species. For below-cloud scavenging, gaseous NH3 and particle-phase 

NH4
+ follows two different equations. The former is controlled by its mixing ratio and sub-cloud 

scavenging ratio, while the latter is controlled by its mixing ratio, the raindrop fall speed, and the size-
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dependent collection efficiency of aerosols by the raindrops. Again, the detailed formulation is 

described in the Simpson et al. (2012) citation in the paper. 460 

 

4. Section 3.3.3, lines 618-619: Is there any explanation for why does South America have such 

large proportion of RDN in the form of NH3?  

 
Response: This may be related to South America’s distinctive NH3 emission characteristic. Chen et al. 465 

(2013), Whitburn et al., (2014), van Marle et al. (2017) and Evangeliou et al. (2021) all showed that 

natural NH3 emissions from forest, savanna, and agriculture fires are more significant in this region 

compared to other world regions. NH3 emitted from biomass burnings is mainly concentrated on remote 

or rural areas, and away from anthropogenic emissions of NOx and SOx. As a result, most NH3 stays in 

the gaseous phase and quickly deposits back to ground without forming stable NH4
+ aerosol (i.e., 470 

(NH4)2SO4; NH4NO3 is easily converted back to NH3 under high temperature conditions), which 

explains the large proportion of NH3 in total RDN burden over South America. Our discussion of 

regional RDN deposition in Sect. 3.2.1 also shows that RDN deposition in South America is dominated 

by NH3 (86%; Fig. 5), which is consistent with our explanation here. 

 475 

 

Technical corrections: 

 

Line 758: DOI information is missing in this citation. Please add the “doi” number before “2013b”. 

Response: Requested change made. 480 

 

Line 809: Please add the “doi” number before “2005”. 

Response: Requested change made. 

 

Line 896: Please add the “doi” number before “2015”. 485 

Response: Requested change made. 

 

Line 966: Please add the “doi” number before “2012”. 

Response: Requested change made. 

 490 
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